Introduction
Frequent diet (artificially sweetened) and regular (sugar-sweetened) soda consumption have both been associated with an increased risk of cardiovascular events, though the literature on diet soda is less consistent (1, 2) . In the Northern Manhattan Study (NOMAS) we observed that participants who drank diet soda daily had an increased rate of vascular events compared to those who never drank diet soda, after adjusting for vascular risk factors (2) . Regular soda consumption was positively associated with the rate of vascular events among those participants free of obesity, diabetes, and metabolic syndrome at baseline. There are several pathways, including obesity and diabetes, through which regular soda, due to its high caloric content, glycemic load, and inflammatory effects (3) , may increase the risk for a cardiovascular event. The pathways through which diet soda may impact the risk for a cardiovascular event are more ambiguous. The literature on the relation between diet soda consumption and obesity and weight gain is mixed and inconclusive (4), as for its potential relation with insulin resistance. An increased risk of diabetes among frequent consumers of diet soda has been reported in some epidemiologic studies (5, 6) , but further research is needed. Whether the association between diet soda consumption and diabetes risk is causal is particularly unclear. In contrast, the increased risk of developing diabetes among frequent consumers of regular sugarsweetened soda is more established (3, 7) , but the relative effect compared to artificially sweetened diet soda is unknown.
The public health importance of understanding the relation between soda consumption and the risk of diabetes is underscored by the high prevalence of both soda consumption and diabetes in the population. The age-adjusted prevalence of sugar-sweetened beverage consumption among US adults was estimated to be 30% in 2013 (8) . The 2009-2010 NHANES survey suggested that ∼20% of the US population consumed diet drinks on a given day (9) , and recent data suggest that the consumption of low-calorie sweeteners is increasing (10) . From 2007 to 2008 the percentage of adults consuming diet beverages increased from 19% to 24% (11) . It was estimated that 284 million individuals were living with diabetes worldwide in 2010, with prevalence estimates rising (12) . Our goal is to examine the relation between diet and regular soda consumption with the risk of incident diabetes in the multiethnic populationbased NOMAS cohort. We hypothesize that diet and regular soda consumption will be associated with an increased risk of diabetes, with a stronger association observed for regular soda consumption.
Methods

Study population
NOMAS is a prospective population-based cohort study, which recruited during 1993-2001, with the original goal of identifying the incidence of and risk factors for stroke in a multiethnic urban adult population. Northern Manhattan is a well-defined region of New York City with a race/ethnic distribution of 63% Hispanic, 20% non-Hispanic black, and 15% non-Hispanic white residents (13) . Participants were selected using random-digit dialing with the following eligibility criteria: 1) never diagnosed with stroke; 2) >40 y of age; and 3) resided in Northern Manhattan for ≥3 mo, in a household with a telephone. The telephone response rate was 91%, and these subjects were invited for an inperson interview and physical assessment. With an enrollment response rate of 75%, 3298 subjects were enrolled and followed with an average annual contact rate of 95%. The study was approved by the Columbia University and University of Miami Institutional Review Boards and all subjects provided written informed consent.
For this analysis we excluded participants with diabetes mellitus at baseline (n = 715), defined by the participant's self-reported diabetes, use of insulin or oral antidiabetic medication, or fasting glucose ≥126 mg/dL. We also excluded participants with missing data for soda consumption (n = 492), and those with improbable total daily kilocalories based on food-frequency responses (<500 or >4000 kcal/d, n = 90).
Baseline assessment
Baseline interviews were conducted by trained bilingual research assistants. Physical and neurologic examinations were conducted by study neurologists. Race/ethnicity was based upon self-identification through a series of questions modeled after the US census and conforming to standard definitions outlined by Directive 15 (14) . Standardized questions were adapted from the Behavioral Risk Factor Surveillance System by the CDC regarding hypertension, diabetes, smoking, and cardiac conditions (15, 16) . Physical activity was defined as the frequency and duration of 14 recreational activities during the 2-wk period before the interview, described previously (17) . Moderate alcohol consumption was defined as >1 drink/mo but ≤2 drinks/d over the previous year. Smoking was categorized as never, former, or current (within the past year) smoking cigarettes, pipes, or cigars. Hypertension was defined as blood pressure ≥140/90 mm Hg (based on the average of 2 measurements with mercury sphygmomanometers during 1 sitting), the participant's self-reported hypertension, or antihypertensive medication use. Fasting lipid profile was measured at enrollment. Fasting blood specimens were analyzed at the Core Laboratory of the Irving Center for Clinical Research to determine glucose, HDL, and TGs. Hypercholesterolemia was defined as total cholesterol concentration of >200 mg/dL, statin use, or self-reported history of hypercholesterolemia.
Diet
At baseline, participants were administered a modified Block National Cancer Institute FFQ by trained research assistants, in English or Spanish. This FFQ is designed to measure typical dietary habits over the previous year. The FFQ contained questions regarding the average consumption of diet and regular soft drinks Diet and regular soda variables were examined as distinct variables and mutually adjusted in multivariable analyses as some participants drank both types of soda. We also ran analyses looking at regular and diet soda consumption combined, as overall soda consumption, by adding together the continuous measures of diet and regular soda.
A score representing level of adherence to a Mediterranean-style diet was created as a covariate, as described previously (18) .
Follow-up for incident diabetes
Annual telephone follow-up was conducted for study participants to identify changes in vital status, neurologic events, cardiac symptoms, vascular risk factors, medications, and functional status. An in-person evaluation was conducted for participants who reported a neurologic or cardiovascular event, or if medical records indicated that such an event occurred. Medical records were reviewed for hospitalizations between follow-ups. Annual follow-up interviews included questions about diabetes status. Incident type 2 diabetes was defined as a positive response to ≥1 of the following questions: "Since we last contacted you, have you been newly diagnosed with diabetes or high blood sugar?" or "Do you currently take any of the following medications: insulin or oral hypoglycemics?" Changes in diabetes status between follow-up visits were confirmed by medical record review, as described and validated previously (19, 20) .
Statistical analyses
Associations between diet and regular soda consumption and vascular risk factors were examined using chi-square tests for categorical variables and ANOVA for continuous variables. The primary outcome, onset of diabetes, occurred at an unknown time point before the first self-report of diabetes at annual follow-up and after the last annual report with a negative response to all of the diabetes questions. Therefore, a model allowing for interval censored data was used to examine the relation between soda consumption and incident diabetes. HRs and 95% CIs were estimated using Weibull regression models with interval censoring failure time. Follow-up time extended from baseline evaluation to onset of self-reported diabetes, death, or the end of follow-up, whichever came first. A sequence of multivariable-adjusted models was constructed: model 1 included age, sex, and race/ethnicity in addition to both diet and regular soda consumption. Model 2 additionally included a Mediterranean-diet score, total calories, smoking, moderateheavy physical activity, and moderate alcohol use. Model 3 additionally included BMI (in kg/m 2 ), hypertension, and hypercholesterolemia. A sensitivity analysis controlled for waist:hip-circumference ratio instead of BMI in model 3. Model 3 was also stratified by obesity (BMI ≥25 compared to <25). Effect modification by race/ethnicity was examined by including interaction terms with each type of soda in model 3. In each model both types of soda were examined continuously and categorically. Secondary analyses were conducted with the continuous measure of all soda consumption (diet and regular soda combined). Analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC).
Bias due to reverse causation or confounding is an important threat to validity of the analyses, particularly for diet soda consumption. In order to limit this source of bias, we ran a set of sensitivity analyses excluding the first 3 y of follow-up.
Results
In total, 2019 NOMAS participants had diet data and follow-up and were free of diabetes at baseline. Of these, 368 developed diabetes during a mean ± SD follow-up of 11 ± 5 y. Table 1 shows the frequency of diet and regular soda consumption in the cohort and the number of incident cases observed for each category. Regular soda consumed was <1/mo by 908 participants, 1/mo-6/wk by 830 participants, and daily by 281 participants. Diet soda consumed was <1/mo by 1615 participants, 1/mo-6/wk by 298 participants, and daily by 106 participants. The study population is described in relation to the covariates in Table 2 . Sixty-four percent were women, 23% white, 22% black, and 53% Hispanic. Diet soda drinkers were more likely to be white and have a higher BMI compared to those who did not drink diet soda, and light diet soda drinkers were more likely to report moderate alcohol use. Regular soda drinkers were slightly younger, more likely to be men, black, and have lower adherence to a Mediterranean-style diet and higher energy intake compared to those who did not drink regular soda. Table 3 shows the associations of diet and regular soda assessed continuously with incident diabetes across the sequence of multivariable adjusted models, and Table 4 shows these associations for diet and regular soda assessed categorically. In all models with the continuous soda variable, the risk of incident diabetes increased with greater consumption of soda of any kind, and with greater consumption of regular soda specifically. The relation with regular soda was not attenuated after controlling for vascular risk factors, but did vary by BMI categories. The association was most apparent among those with normal BMI (<25) at baseline, as shown in stratified analyses presented in Table 5 . There were no apparent differences when the cohort was stratified by the sexspecific median of waist:hip ratio, an alternative measure of obesity (data not shown). However, when regular soda consumption was examined categorically, the increased risk for light and daily consumption (compared to <1/mo) did not reach statistical significance. Models 1 and 2 show a positive association between diet soda consumption and the rate of incident diabetes, with effect estimates stronger than those observed for regular soda. In these models, moreover, participants who consumed diet soda daily had a 1.9-fold increased rate of diabetes compared to those who consumed it <1/mo. The increased rate of diabetes among those who consumed diet soda less frequently was not significant. When we further adjusted for BMI, hypertension, and hypercholesterolemia in model 3, the associations for diet soda (continuous and categorical) were attenuated and no longer statistically significant. The attenuation was primarily due to controlling for BMI, and after adjusting for waist:hip ratio instead of BMI in model 3 the results were significant and similar to those in model 2. When we stratified model 3 by normal BMI compared to overweight or obese (Table 5) , we saw that the associations were stronger among those who were overweight and obese. Among those who were overweight or obese, model 3 showed a 63% increased rate of diabetes for daily diet soda consumers. Effect modification by race/ethnicity was not observed for diet or regular soda consumption in relation to diabetes risk (P > 0.05).
Results from sensitivity analyses excluding the first 3 y of followup in models 2 and 3 are also shown in Table 3 (for continuous analyses) and Table 4 (for categorical analyses). The results remained unchanged for the association between regular soda consumption and diabetes risk. The relation for diet soda is more susceptible to bias due to reverse confounding. Overall the conclusions remained unchanged, with slight changes in effect estimates and confidence bounds. However, in model 3, daily diet soda consumption was significantly associated with an increased rate of incident diabetes when we excluded the first 3 y of follow-up. [6] [7] [8] [9] 512 (26) 85 (29) 407 (26) 20 (19) 199 (24) 267 (30) 46 (17) 1 P < 0.05 difference for regular soda categories. 2 Mean ± SD (all such values). 3 P < 0.05 difference for diet soda categories.
Discussion
In our stroke-free multiethnic cohort we confirmed the results shown previously, that increased consumption of regular sugar-sweetened soda is a risk factor for developing type 2 diabetes. The relation for diet soda is more controversial and ambiguous. We showed an increased risk of developing diabetes among daily diet soda consumers, and the positive association between diet soda consumption and diabetes risk was even stronger than that observed for regular soda. However, that association was attenuated and just shy of statistical significance when we adjusted for BMI. This suggests 1 of 2 scenarios, or a combination: either participants with a higher BMI were at an increased risk of diabetes and more likely to be drinking diet soda, likely in an attempt to reduce caloric intake to lose weight; or diet soda consumption was increasing BMI, both before and after baseline, and thereby contributing to an increased risk of diabetes. Whereas the association for regular soda was stronger among those with normal BMI, the association for diet soda was stronger among the overweight and obese. In fact, even after controlling for BMI and the other covariates in the fully adjusted model, daily diet soda consumption was a significant predictor of incident diabetes among those participants who were overweight or obese at baseline. One of the greatest threats to the validity of the examination of diet soda in relation to diabetes is the possibility of observed associations due to reverse causality, or confounding, if people who are prediabetic start consuming diet soda in an effort to reduce risk. To address this possibility we ran sensitivity analyses excluding the first 3 y of followup. We found that the associations for regular soda remained consistent, as expected, and the associations for diet soda in fact became stronger. In these sensitivity analyses, those who consumed diet soda daily had an increased risk of developing diabetes even after adjusting for BMI and the other covariates in the fully adjusted model. Instead of refuting the observed associations for diet soda, these sensitivity analyses in fact supported the possibility that diet soda consumption may be a risk factor for incident diabetes. One interesting and unexpected finding was the important impact of general obesity, measured by BMI, on the association between diet soda consumption and diabetes risk, in contrast to the relatively nonexistent impact of abdominal obesity, measured by waist:hip ratio. Waist:hip ratio was not associated with diet or regular soda at baseline in univariate cross-sectional analyses, in contrast to BMI which was associated with diet soda consumption. Because previous studies have shown that abdominal obesity is a more important risk factor for cardiovascular disease than general obesity (21) , and abdominal obesity is the measure included in the calculation of metabolic syndrome, we predicted that waist:hip ratio would be a stronger confounder, which we did not observe. This suggests that diet soda consumption may not have a disproportionate impact on abdominal obesity, or that general obesity (BMI) is a greater predictor of people's decision to consume diet soda over regular soda as compared to abdominal obesity, or that general obesity has a stronger mediating effect on the relation between diet soda and diabetes risk than abdominal obesity, or a combination of these factors. Further research is needed to better understand the different types of adiposity and how they may differentially explain a relation between soda consumption and diabetes risk.
A meta-analysis of 17 prospective cohort studies was recently conducted to estimate the effects of sugar-sweetened beverages, artificially sweetened beverages, and fruit juice on the incidence of type 2 diabetes (22) . An increase in sugar-sweetened beverages of 1 serving/d was associated with an 18% increased incidence of type 2 diabetes, and this estimate remained significant but was attenuated to 13% when the potential for mediation and confounding by adiposity was accounted for. With 54% of people in the US consuming sugar-sweetened beverages in this meta-analysis, if the effect of sugar-sweetened beverages is partly mediated by adiposity, sugar-sweetened beverage consumption was estimated to result in 2.6 million excess events of type 2 diabetes over a 10-y period in the US. For artificially sweetened beverages the incidence of type 2 diabetes was 25% greater for a 1-serving increase/d, and this estimate was attenuated to 8% after adjusting for adiposity, but remained statistically significant. The effects of substituting various beverage types for sugar-sweetened beverages on type 2 diabetes risk was examined in the European Prospective Investigation into Cancer and Nutrition-Norfolk Study. They concluded that substituting artificially sweetened (diet) beverages for sugar-sweetened ones did not reduce the incidence of type 2 diabetes, though substitution with water did result in a statistically significant decrease in risk (23) .
Our results are consistent with previous studies showing that frequent consumption of regular sugar-sweetened beverages increases the risk of diabetes (24) (25) (26) (27) . However, some studies have shown an association between diet soda consumption and diabetes risk that persisted after adjustment for measures of adiposity (6, 26) , whereas others have not (24, 25) . For example, in the Multi-Ethnic Study of Atherosclerosis (6) . Adjusting for baseline measures of obesity, including BMI and waist circumference, and changes over time in these measures, attenuated their observed associations between diet soda consumption and risk of diabetes, consistent with our findings, but in MESA the associations remained statistically significant. Though the underlying mechanisms for regular soda as a risk factor for diabetes are clear, the mechanisms through which diet soda may be causally linked to diabetes risk are currently more theoretic. In the San Antonio Longitudinal Study of Aging, diet soda intake was positively associated with abdominal obesity in a dose-dependent manner (4). However, studies on the relation between artificially sweetened beverages and weight gain have been mixed. Consumption of artificial sweeteners may increase the desire for high-glycemic and calorie-dense foods or they may interfere with physiologic processes that enable people to predict the caloric content of food based on sweet taste (28), resulting in overconsumption of calories. Direct metabolic effects of artificial sweeteners remain possible mechanisms, and impacts of artificial sweeteners on various metabolic processes, including glycemic and insulin responses, have been shown (29) (30) (31) . The range of hypothesized mechanisms linking diet soda consumption and diabetes also include effects on hormones and microbiota, and potential impacts of the caramel coloring and phosphoric acid in diet sodas (22) .
The most important strength of our study is the excellent followup rate. Loss to follow-up was <1%. Other strengths include the use of a validated and well-established FFQ representing average diet over the previous year, a population-based multiethnic cohort with a large proportion of Hispanics who have been understudied in the literature on diabetes, and comprehensive data on other risk factors for diabetes. However, there are also some methodologic limitations. Most notably, both soda consumption and diabetes were recorded based on self-report and were therefore susceptible to misclassification. However, the selfreported diabetes variable has been shown to have high reliability in NOMAS. In a previous study, all participants who reported a medical diagnosis of diabetes were shown to have the diagnosis recorded in their medical records, and the same was true for >90% of participants who reported the use of diabetes medications (19) . It is possible that some participants developed diabetes during follow-up despite no self-report, but this misclassification is likely unrelated to soda consumption. In addition, residual confounding by measured and unmeasured risk factors for diabetes is an important potential source of bias in our study. We could not account for changes in adiposity or diet prior to enrollment, which may have impacted the associations observed. We also lacked data on the specific types of diet sodas consumed when our diet data were collected in 1993-2001. Different types of diet sodas and different artificial sweeteners may have different physiologic responses and potential effects on diabetes risk. This possibility should be explored further in future studies. Our results may not generalize to younger populations <40 y old.
In conclusion, in this prospective multiethnic population-based cohort, consumption of regular sugar-sweetened soda was positively associated with risk of incident diabetes, particularly among those who were normal weight. We also showed an association between consumption of diet artificially sweetened sodas and an elevated risk of incident diabetes, that was largely explained by BMI at the time of diet assessment, though the association remained strong and independent of BMI among those who were overweight or obese. This study adds to a growing literature underscoring the importance of sugar-sweetened beverage consumption in the diabetes epidemic. However, our results suggest that switching to artificially sweetened diet beverages may not be the answer, as diet soda consumption may also be an independent risk factor for diabetes.
